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PRINCIPLES JF PJ~vD]:R:METALLURGY
Powder metallurgy, the most recen~ innovation in met-
allurgical process, is not a new art; although not until
recently did it become a matter of general interest, this
being due not only to the products formed b;lltalso to ~he
possibilities of future developments. The manufacture and
application of metal powders is now beginning to take a
position as a recognized part of the science of metallurgy.
4*The ancien~s practiced powder metallurgy of a kind o~
but the earliest literature did not appear until tLe early
part of the nineteen~h century when Wallaston in 1828 brought
out a paper describing his method for producing ductile
platinum6• His method, however, was discarded soon after
)
due to improvements in furnace efficiency so that higher
temperatures and a better control of furnace atmosphere
were readily obtainable.
'l'heinvention of the incano.escent lamp and the search
for a process for producing tungsten in a ductile form led
to the first commercial apDlica~ion ~f powder metallu~gy.
Here was a produc for which ~here was an immedia~e and ur-
agent demand. 'i'heproduct Ion of fila.mentwire resuIted in
a familiarity with the process which later led to the dis-
covery of other valuable metal powder products.
Comstock9 has listed four principal products manufactured
#Numbers refer to bibliography entries.
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in quantity from metal powders:
1. The refractory metals such as tungsten, tantalum and
molybdenum.
2. Electric contact and electrode materials.
3. Porous bearings.
4. Hard cemented carbides used in tools and dies.
All of these products display strikingly unusual character-
istics, and each has been responsible for a notable advance
in the field of its particular application.
Barclay' suggests "powder metallurgy is also opening up
an entirely new field, since we can now look forward to pro-
ducing by this method alloys which are either wholly, or at
least partly, immiscible in the liquid state;"
In discussing powder metallurgy, the production of metal
powders, of course, presents a primary aspect. This, in it-
self, constitutes a very important field of research, and
limitation in the production of these powders will limit the
possibilities in the field of powder metallurgy. It is not
nE:cessary 'thata metal be powdered.by anyone method nor does
it necessarily follow tha t the metal powder of the same metal
made by different methods will have the same phySical prop-
erties.
Noel, Shaw, and Gebert3 classify the methods of pulver-
izing metals as follows:
1. Ma.chining
2. Milling--ball mills, stamps, attrition, etc.
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3. Shotting--pouring liquid metal into water, through
air, a gas, etc.
4. Atomizing--disintegrating by st eam, compressed air, etc.
5. Granulation--stirring a molten netal while it is solid-
ifying.
6. Condensation of me~al vapors.
7. Reduction of oxide powders.
8. Chemical precipitation.
9. Electroly~ic deposition.
10. Sintering--for producing alloy powders.
11. Formation of a powder from an alloy by dissolving or
otherwise removing one of the alloy constituents.
'rhese processes are becoming highly technical and ex-
acting in order ~o comply with consumer's specifications in
respect to such characteristics as particle size distribu~ion,
particle shape, flow factor, loa.ding weight, chemical anal-
ysis, and electrical properties. One principal characteristic
is the large surface area for a given weight of material.
The metallurgical problems therefore become involved with
surface phenomena to such a degree that ~hey may be the most
important controlling fac~ors in the success of the process27,
and the e,ffect of absorbed gases, chemical film formation,
surface tension, vapor pre~sure, relation of voids ~o size
and shape of material, and flow of fine aggregates under
pressure are some of the problems to be investigated.
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Compacts, the product of compr essd on of powdered metals
in molds, may be made in aut-omatic machines requiring little
attention or in r.aachinesrequiring constant attention.
Pressures used may vary from a few thou aand pounds to over
one hundred tons per square inch, the lower pressures being
used where a porous compact is desired. The machines used
in compressing the powders may be hydraulic, cam-operated
or knuckle-operated and may have one or more ~han one die.
I I
To eliminate the difficulties arising from ent-rapped gases,
the compressive force should be steadily and rapidly applied
and 'Che t-o~al compressive effort- exerted in one movement.
'£he resulting compacts can be concrol.ted wi t h in amazingly
narrow limi t s, and by str i ki.ng the sLnt ered piece this ac-
curacy can be further increased to limits within .001 lnch6•
there is a wide divergence of opinion concerning the
t.emperature at which the heat treatnlent should be carried
out. This temperature may be above the melting point- of
one constituent and below that of another~but no doubt the
pressure used in making the compact, the size of the powder
particles, t-hemet-hod of heating, ~he degree of coalescence,
and the final un i f ormd cy desired, a,re all factors. 'rhere
are no fixed rules 'oy which the proper t empe rature can be
predetermined, so 'tbat experimental work is necessary to
find the correct sintering temperature to make a product
of the required physical propertles.
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patch34 points out that although it is possible experi-
men'tally to make certain types of metal powders, the econom-
ical manufacture of these products in quantity is impossible,
thus limiting their commercial application. Some factors
affecting the type of product that can be made are: (1) the
objects must necessarily "be small,due to tne high pressures
involved; (2) powders do not flow freely, making the manufact-
ure of objects with reentrant angles practically impossible;
(3) whatever must be made should be made in large quantities;
(4) although some eccen~ricity would be allowed, concentric-
ity must be considered; (5) relationship of machining costs
and metal powder costs must be kept in mind.
powder metallurgy may be a.dvanLageously used under the
following conditions: (1) where a very hard alloy is required;
for example, the cemented tungsten carbides; (2) where metals
are dlfficul t to melt such as tungsten, molybdenum and colum-
bium; (3) where controlled porosity is desired; (4) where
me caLs are immiscible as liquids and have widely' separated
melting points; (5) where exact proportions of the constituents
are required; (6) where non-metals and metals must be used to-
gether in intimate contact; (7) where dimensions must be kept
within narrow limits; (8) where conventional methods are more
costly. As for the products made, if one mentioned nothing
more than the cemented tungsten carbides and porous bearings,
that would be sufficient justification for the important part
powder metallurgy is plaYlng in industry today.
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NATURE OF TIm BONnING ACTION
In a discussion of powder metallurgy, the question at
once arises as to the nature of the bonding action which
takes place between the metal particles. This question is of
the utmost importance in a. scientific approach to the pro-
cess. The physica.l properties of the products formed depend
upon the f1n8.1 characteristics of the particles of which it
is composed as well as upon the nature of the bond. The par-
ticle and the bond are therefore the two most fundamental
considerations of this art.
comstock8 discusses particle bonding of two general types
as being possible:
1. A bond resulting from the cementing action of a con-
stituent which is molten at some stage OI the operation.
2. particle-to-particle adhesion without melting, closely
resembling intercrystalline bonding of cast metals.
The most important and almost exeLusdve example of the
first type is furnished by the hard cemented ca.rbides.32 The
formation of a liquid cementing medium as for example, co-
balt, in the cemented carbides, is a more or less positive
action. Its effects are largely understandable and can there-
fore be anticipated to a certain extent. If the liquid which
is formed alloys with the major unmelted component, or has
a tendency to dissolve it even slightly, it fulfills the
requirements for capilla.ry action and is distributed in its
molten state by that method throughout the mass of the un-
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dissolved powder particles. Two strongly limiting conditions,
however, must be recognized as affecting this method: (1) fhe
liquid formed must be in a very minor proportion or a badly
segregated melt would result; (2) particle size must be care-
fully regulated or ~he liquid becomes saturated too soon by
dissolving the easily assimilated smaller particles. and when
this occurs, it can then no longer fulfill the requiremen~s that
were previously responsible for the complete distribution and
bonding action so ~hat a material of low strength results. Pow-, . .-
der products that require the formation of a liquid binder must
therefore be limited to materials that can be satisfactorily
composed of a large preponderance of a very ca.refully sized
component.9
Bonding ofthe second type, that ls, partlcle~to-particle
adhesion without the formation of a self-distributing molten
binder is not fully understood nor is their exact character
discernible by observation of the final product. Two favorable
conditions affect this type of metal powder fabrication: (1)
Compositions of ~his ~ype do not require the presence of a
major proportion of any single component; their physical pro-
perties may therefore be varied widely in comparison to those
that must consist of a preponderance of one material; (2)
within limits, an affinity between components is apparently
not essential.
The simplest conception of bonding is that the compacting
pressure causes the particles to deform and interlock with each
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.'other to pr oduc e a mechanical bond. Comstock? belie'ves
that the pressing action has brought the particle surfaces
into intimate contact and has disrupted grains and crystal
lattices. This is equivalent to cold working the individual
particles and thus lowering the temperature at which re-
crystallization takes place. Thus the temperature at which
a definite bonding actiQn occurs is also lowered. This ac-
counts for the relatively lower temperatures dealt with in
powder metallurgy. Hardy19 suggests that the friction de-
veloped during compression between the surface of one part-
icle and the surface of another generates enough heat to
weld the two surfaces together. Even though the welding
may be confined to the surface, it is nevertheless import-
ant because it forms the starting point for diffusion which
can take place only when there are clean metal surfaces in
contact with each other. Balke3 in discussing the bonding
mechanism, statE"s that it appears as though the surfa.ce
tension of a solid is the prime factor in causing consol-
idation and is therefore the best aid in obtaining a piece
of metal. Elevated temperatures, as during sintering, simply
allow surface tension to operate in a reasonable time.
Bonding by mea.ns of diffusion and the subject of diffu-
sion itself has produced much concrad Ict ory Lft.ere.vur e,
}[eh130 and Dorn and Harder13 have written exhaustive papers
on the s~uject of diffusion in solid metals. Since most
of the experimental work on bonding and diffusion has been
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done on massive metals and large surfaces in contact, further
researc~ will be necessary for the solving of problems of
bonding in the smaller products of powder metallurgy.
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POROSI'l'Y
The manipulation of metal powders ;permits the formation
of unusual structural effects which i~ would not be feasible
to produ ce by ULu.J_narycasting. The porous metal bearing
is an outstanding example of this fact and is one of the most
important and far reaching of the present applications of'
powder metallurgy.9 In these products porosity is desirable
for three reasons: first, to improve the mechanical perform-
ance of a bearing; second, to act as a reservoir for lubri-
cating oil; and third, to provide n device independent of
mechanical means for a continual supply of oil to the lubri-
cating surface.
porosity or the volume of voids in a compact is generally
expressed as a percentage of the total voLume of the compac t ,
Goetzel15 states that there are two types of porosity in
sintered compacts. The first kind, which may be called
"primary" porosity can be controlled to a cer~ain extent
by changing basic conditions such as type and particle size
of powders and compact.ing pressure. The cavities produced
are generally angular and more or less continuous. The other
type, which may be called "secondary" porosity is developed
during the heat treatment because of gas evolut.ion and is in-
fluenced chiefly by two condi tions: (1) the pa rt i cLe size
of t.he powder and (2) type of heat t.reating atmosphere.
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Influe~of Forming Pressure on porosit;y:.
'l'heinfluence of external pressure applied on a powder
mass is:
1. To reduce porosity by movement of the particles into
voids.
2. To reduce porosity by deformation of particles so t~at
they ke~ into each other.
3. '£'o reduce porosi r.y on an atomic sca.Le by the fla tten-
ing of the microscopic and submicroscopic asperities
on the par~icle surface23•
These processes re~ult in a considerable increase in the
total contact area and therefore in ~he cold sintered strength
of the body. It 5s possible tha t pressure may also have a
direct influence in increasing the ability of surface atoms
to .Lnf Lu enc e- each ot.her, 'thus leading to an increase in the
intensi'ty of 'the available cohesional forces.
With modera'te pressures, 'the total porosity of the com-
pact will still be considerable. The strength and hardness
of the compact are results of mecha.nical interlocking and
cold sint.ering a.nd with small or modera.te pressures it is
probable that the latter is the major factor. However, the
strength and hardn ess will not be large since the total area
of contact is still relatively small, rrainly due to unruptured
oxide films and pores. In most cases, however, the streng'th
of the compact is sufficient to allow it 'tobe withdrawn
from the mold arid handled.
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The most important consideration is the degree to which
the particles deform, since, except for very low pressures,·
the degree of deformation determines the area of contact.
It is well known that the softer ,and more plastic metals
will show a greater increase of strength for a given applied
pressure than the harder and more brittle metals. This is
borne out in practice in that a pressure of 5 tons per square
inch is hardly enough to cause tungsten particles to cohere
but more than enough to form a fairly strong C0111Pd.Ct of copper
or tin.
When the applied pressure is high the circumstances are
different. The porosity becomes very low and mechanical inter-
locking probably becomes much more important than cold sinter-
Lng, 1'he fa.ct that each particle has suffered some deforma-
tion not only throughout its volume but a.lso by abrasion on
its surface must be considered. Both of these effects result
in work hardenin[; except perhaps in certain low-melting point
metals. The hardness and strength of a compact after high
applied pressures is then due to complex conditions. It must
be remembered, however, that the pore volume in tLe final
stages, although becoming small, is becoming increasingl!
significant, since higher pressure and therefore more vigor-
OUB deformation is necessary to fill it, with a consequent
greater effect on the hardness. As .rones23 has so stated
it, "the final increase in hardness, therefore, is to be
regarded not as a result of pressure alone, but as an effect
of the small but still existing porosity."
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Influence of Sintering Temperature on porositl
One of the most important variables in powder.~etal~ur-
gical practice is the temperature at which smt ermg..t~k.es,_.
place. The rate of solid diffusion is markedly influenced by
temperature, so that for any given c~mp~ct, the highest pos"",
sible temperature should always be used. In many cases, the
sintering temperature is above the melting point of one of
the constituents so that a combination of sintering and im-
pregnating takes place.
Investigators in powder metallurgy have demonstrated
conclusively that var,iation in sintering temperature _has.~
marked effect on the densi ty of the compact and the ?-eare!.
the sintering temperature approaches the melting point, the~ , ., "". - . .
higher will be the density.18 Also, not only does the higher
temperature increase the rate of solid diffusion, but at the
higher temperatures, the metals are more plastic and will more
readily deform to fill the voids •
. On raising the temperature of a metal compact, one of
the first effects is a disturbance of the metal gas-vapor
equilibria. These disturbances may profoundly modify the ad~'
leSive forces responsible for the sintering of I:.hecompact,
and thus, it is necessary to consider the relation of a gas
or vapor content of a metal powder to the final porosity. It
must then be appreciated that most commerclally powdered me-
tals, especially those prepared by electrolysis, comminution
of cast metals, or by reduction by a gas, contain an appre-
ciable gas content and the liberation of these gases .on 61n-
tering is beneficial from the standpoint of porosity.
There are other sources or potential sources of gas
in a compressed powder compact. These are:
1. Air or other gases mechanically entrapped during com-
pression.
2. Solid sources giving rise to gases by chemical decom-
position on heating.
3. Intentionally added sources.23 .
Separately or in combination, these various sources can
be responsible for large quantities of gas. The quantity of
air entrapped mechanically depends ~inly 'lJ..l.JOl1 the 'o'J.lkiY",;!;
upon the bulking property of the powder. Unfavorable die con-
ditions can greatly increase the amount of entrapped air, and
in practice, attention must be paid to the clearance between
the die and the plunger. This clearance must, hovvever, be li-
mited, otherwise air forced o,~tof the die would carry fine
powder with it. Rapid-acting presses have IGSS tendency to
entrap air than those which act Slowly.l9
Apart from· solid substances that give rise to gases on
heating by direct volatilization, it is necessary to consider
the possibility of gas production by interaction of solid ma-
terials. Certain gas-forming reactions of this type are pe-
culiar to powder compacts and some instances are very familiar,
as for example, the "gassing" of copper by the reduction of
cuprous oxide.
Other SourCeD of gas besides those already mentioned in-
clude materials which may be added intentionally for the pur-
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poses of lubrication or to promote porosity. Other solid
materials may be added to gasify and eliminate certain im-
purities in the powder. The intentional addition of volatile
substances may assist the escape of less volatile impurities
and among those in common use are alkaline oxides, siliceous
materials, caustic potash, sodium and potassium chloride,
boric acid, sodium silicate, calcium silicate, and ammonium
chloride.
This indicates that the possible sources of gas are
numerous, and since apparently little is known regarding the
total amounts of gas that can originate from all these sources,
investigation of this phase of powder metallurgy is open for
more research work.
Influence of Sintering Time.
It is d~fficult to differentiate between the effects
produced by short time sintering at high tempera tures D.~ '.
and long time sintering at somewhat lower temperatures. Pro-
bably the most important consideration involved in selecting
a sintering time and temperature are the economics of the
operation. Generally speaKing, it is possible to arrive at
any resultant compact condition by either high temperatures
and relatively short times or by lower temperatures and
and longer times and the economics of each particular oper-
ation will determine optimum conditions.
Influence of-Particle Shape and Size Distribution.
The shape of the individual powder particles will vary
15-
according to the method of manufacture, that is, powders
made by the carbonyl process will be almost perfect $pJ:'beres;
ball-milled powders are generally thin platea of irregular
outline; and powders produced by tIleelectrolytic method
are almost always dendritic. Where porosity is important,
as in bearings and filters, spherical particles give the
more uniform porosity and the voids produced are more uni-
form in size. As a result, better control can be maintained
as to the percentage of voids in a compact with spherical
shaped powders than with any other shape.
Theoretically, the absolute size of the particles
should have no influence on the degree of porosity. However,
it becomes necessary to consider certain modifications in-
volved, especially when the particle f?izeis made very small.
The laws connecting the packing of spheres and interspace
volume are independent of the size of the spheres.29 In
practice, this has been found to be far from being so, and
as the particle size decreases, other influences, prtncLpaLl.y
friction, either due to air or cohesion, bridging, and elec-
trostatic effects become increasingly important. Also, the
behavior of the particle is conditioned,increasingly by the
properties of a surface and in very fine powders the ratio
between surface area and volume becomes very high.
It has been pointed out that maximum porosity is ob-
tained when particles are of the same size ~nd of spherical
shape. If these spheres are arranged in any systematic man-
ner of packing, there is a certain diameter ratio for a
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smaller sphere which can just pass between the throats or ~_,
the large spheres Lnt o the interstitial voids, thus reduc ing
porosity. This makes the determination of the particle size
distribution in a powder of paramount importance. Ho~vever,
since packing of the powders into a mold is generally hap-
hazard and not systematic, no exact expression can be deri-
ved that will completely correlate screen analysis and po-.
rosity. As a result, the proper powder size distribution
can be determined only after some exp_erimentalwork ha~,been
done so that the range of sizes can be narrowed down con-
siderably ..
-17-
THE PROBLEM
Despite the commercial ~mportance of powder metallurgy,
not until recently has'any system~tic research been carried
out to test some of the theories regarding the.man~pulatio:n
of metal powders into the finished product. Most of th.is.?-,"e:,
search was minimized to factors essential for the.~~~~e~tion
of a commercial product, and as B. result, the scientific
principles underlying this process have been sadly neglected.
',." . ~ .
There is some information available, but those investigations. .
of general interest that have been conducted are in most
cases rather incomplete or not,available to the public. A
good illustration of this can be found in the case of the
porous bearings. Although this product has been used success-
fully in industry during the past fe~ years, it is extremely
difficult to find any published reports on the results of in-
vestigations regarding the development of these,bearings.
It is the aim of this work to establish a relationship
between the variables of powder metallurgy and the porosity
and oil absorption properties of the resulting compacts. The
study includes a determination of the effect of variations
of the following factors: compacting pressure, particle size
. . .
distribution, sintering time and temperature, and heat-treating
atmosphere. The tests on the compacts made include a cal-
culation of specific gravity, percentage of voids present,
oil absorbed, and percentage of voids filled.
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LABORATORY EQ,UIPMENT
The equipment and materials used in the experimental
work for this thesis consisted of:
1. Metal powders
2. weighing and mixing apparatus
3. pressing equipment
4• Hydrogen generator.
5. Sintering furnace
6. Oil bath
7. MiscellaneouB equipment
Metal powders
The powders used were manufactured by the Metals Disin-
tegrating Company of Elizabeth, New Jersey.
A screen analysis of these powders gave the following
resul ts:
Mesh Copper Tin Graphite
12.4
87.6
100.0%
Weighing and Mixing Apparatus
100
150 '
?OO
270 3.7
96.3
100.0%
11.'7
33.2
36.2
14.8
.4.1
100.0%
-2'70
For weighing the powder charges and the compacts, an
analytical balance was used.
-rho r-ougn mixing of 'thepowders was accomplished by the
use of a tumbler mixer. This mixer consisted of a cubical box
one and three quarters of an inch on each side, and made from
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Figure 1. Mixing Apparatus~
Figure 2. Pressing Apparatus
Showing Mold, Jack, and Frame.
a piece of ciorrosion resistant metal. The cover is fastened
to the box by rubber bands, a rubber gasket preventing the
fine sizes of the powder from lea~ing out. A steel rod, three~
sixteenths of an inch in diameter, soldered through two op-
posite edges of the box acts as the axis of rotation.
The tumbler is connected by means of two reducing gears
to a small 110-volt A.C. motor with an RPM of 1'750. At this
speed, centrifuging of the powders would take place, but by
means of the reducing gears this is lowered to 60 revolutions
per minute, at which speed very satisfactory mixing is ac-
complished.
Rressing E9ui~ment
The pressing apparatus consisted of three parts: the
mold, the frame, and a hydraulic jack.
The mold was machined from a heat resistant chrome steel
ahaft and accurately bored for the pressing and the reducing
chambers, Figure 3. A heating coil is wound around the mold
with an outlet so that connections can be made to the 110-volt
A.C. circuit in the laboratory. By means of a system of rheo-
stats, the current can be regulated so that pressing can be
carried out at any desired temperature.
The pressing chamber is exactly one-half inch in dia-
meter. Directly above this is the conically shaped reducing
chamber with a diameter of one inch, the slant heigh~ being
approximately one inch. This reducing chamber has a gas in-
let and outlet, the latter being above the former so that
the gas circulates upwards through the powd.er mixture.
-21-
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Figure 4. Component parts
of mold.
Figure 5. Mold assembled.
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The cap fits on top of the mold and produces a gas tight
seal for the chamber and also eerv ee as a means for suspend-
ing the plug, the bottom of which is machined to the sarr.e
angle as the flare in the gas chc.:.mberand forms the station-
ary end during the compression of the powders.
A chromel-alumel thermocouple inserted in a hole close
to the pressing chamber measures the temperature of the mold.
It is connected to a Wilson-Maulen millivoltmeter, and the
actual temperature is obtained from a calibration chart.
The pressure to the ram is furnished by a. Blackhawk
20-ton hydraulic jack with a safe working pressure of 40,000
pounds and a maximum pressure of 50,000 pounds per square
inch, gage reading. As this gage reading gives pressure i?
pounds per square inch applied on a circle having a diameter
of 2.562 inches, and as the ram diameter is only one half
inch, the following formula is used to determine the pressure
used for making the compacts:
Tons/sq. in.- Gage reading
-area of ram x 2000
in sq. in.
The heavy steel frame, which actually receives the
pressure exerted by the jack, consists of four one-inch
steel rods welded to a one-inch steel base and a top of the
same s~ze steel plate against which the cap and plug are .
.blocked. The mold rests on a qua.rter inch plate bored wi th
a one-half inch hold to allow the ram to go through. Direct-
ly below tb5.s is another stf'lelplate of the same thickness
pierced in the same manner, serving as a guide ~or the ram.
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Figure 6. Sintering.Furnace.
Figure 7. Oil Bath.
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Rydro~£_Generator.
Hydrogen was produced by the action of dilute sulphuric
acid on mossy zinc which was placed in a perforated lead
bucket and which could be raised or lowered into the acid
to produce hydrogen gas when needed. The generator proper
consisted of a liter side arm flask wi~h a rubber stopper
from which the lead bucket was suspended. From the generator,
the hydrogen passed into a surge bottle to catch any acid
,
that might be forced backward by accidental reversed pressure.
From here, it bub~ed through alkaline pyrogallic acid ~o re-
move any oxygen present. It then passed through another
surge bottle and then into concentrated sulfuric acid to
remove moisture. '1"0insure complete dryness the hydrogen
was then passed through calcium chloride and calcium sulfate.
Sintering Furnace.
A laboratory tube furnace was used to heat-treat the
compacts. It had a maximum operating temperature of 1000oC.
and a safe working temperature of from 800 to 9000C. Cur-
rent was obtained from the 110-vol t A.C. line. 'rhe amperage
flowing through the furnace was controlled by two rheostats'
connected in series. Iron-constantan thermocouples, connected
to a miI11vo~tmeter, were calibrated to indicate the furnace
temperature.
Oil Bath
~he 011 used was S A E #• •• ~O. It was placed in a small tin
dish and the compacts were introduced into this oil bath.
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M!scellaneous Equi:2ment.
Lubriplate was used to lubricate the sides of the pres-
sing chamber as well as the ram. rne use of this lubricant
facilitated the removal of the compacts from the mold, es-
p.ec ie.Ll.y where the higher compacting pressures were used.
Linear dimensions of the compacts were ob~ained by cali-
pers and the volume was calculated from these dimensions.
A laboratory ho~ pla~e was used for keeping ~he oil bath
and the pickling solution at constant temperature.
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EXPERlME1-Jl'AL PROCEEDURE
Due to the extensive nature of the investigation, it
was necessary to limit the work to one definite composition,
and the composition finally chosen was 88 per cent copper,
11 per cent tin, and 1 per cent graphite~ which is essentially
that used in the commercial porous bearings.
'l'hepowders were weighed in batches of 100 grams of the
composition chosen. and then placed in the tumbler mixer. Af-
ter a period of fifteen minutes, the powders were thoroughly
mixed. From this batch, three 10-gram and three ll-gram samples
were weighed. These formed the charges to the pressing mold,
the 10-gram samples being used at the lower pressures while
the ll-gram samples were used at the higher pressures. This
was done to obtain compacts of approximately the same length.
'1'hesesix samples from the mixed powders made the six
compacts in each series. '1'hecompacting pressures used are
as follows: 6.4, 12.8, 19.2, 25.6, 32.0, and 38.4 tons per
square inch. 'The compacts, on removal from the mold were
consolidated enough to be handled easily. 'their dimensions
and weight were taken and the percentage of voids present
was calculated by the following method:
Volume in cc. of com£act actual specific gravity
Weight in grams -
88 9.86 cc. of CU8.92 =
11 - 1.51 cc. of Sn---- -'7.31
1 = o. ~g cc. of C2:G5 11.76 cc. of alloy
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Since 100 grams of this alloy occupies 11.76 cc., then the
theoretical specific gravi~y of a compact of this composi-
tion with no voids would be 100 = 8.50 , so ~hat
IT:"76
100 - actual specific gravitl__ _ x 100 = per cent voids
theoretical specific grav~y
'l'hecompacts were chen heat-treated and then placed in
tre oil bath which was kept at a cons~ant tempera~ure of 600C.
the specific gravity of the oil was found to be 0.85. ~he
volume of oil absorbed, af'l..er an immersion of 24 hours, was
then determined in this manner:
grams. of o~l absorbed • ~olume in cc. of oil absorbed
specific gravity of oil
vol. in cc. of oil
vol. of compact
= per cent volume of compact
occupied by the oil
After this 24-hour immersion, the compacts were dried
and then given a pickling treatment for 15 minutes in a 20%
solution of sulphuric acid at 850C • rhey were then washed
in water, dried, and again put back into the oil bath for
another 24-hour period.
'1'0 examine the effec~s of variables such as compacting
presBure, particle size distribution, sintering time, and
sintering atmosphere and temperature, six series of compac~s
were made. '1'hesewere:
1. series!l. Compacts of -270 mesh powders. Heat ...t reat ed
at 6000C. for 30 minutes and then air cooled. Immersed
in the oil bath for 24 hours, pickled, and then put
back into the oil ba~h for ano~her 24 hours.
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2. Series II. Compacts made from the powders as received
from the manufacturer, i.e., with the range of par~icle
sizes as shown in· t.hescreen analysis. After compression,
they were pickletl, heat-treated, and then immersed in
the oil bath for 24 hours. ~hey were then pickl.d and
then returned to the oil bath for another 24 hours.
3. Series III. Compacts made from unsized powders, heat-
treated at 6000C. for two hours and then furnace cooled.
~hen the proceedure as in Series il was followed.
4. Series IV. Compacts of plus 270 mesh powders, fol-
lowed by the same proceedure used for Series III.
5. Series Y. Compacts of -270 mesh powders, followed
by the same proceedure as for Series III.
6. Series VI. Compacts made from unsized powders, heat-
treated at 8000c. for thirty minutes, followed by methed
used for Series III.
These variables are summed up as follows:
1. Pressure: compacts were made at 604, 12.8, 19.2,
25.6, 32.0, and 38.4 tons per square inch.
2. Particle size distribution: compacts made from the
powders as received from the manufacturer so as to include
the size distribution shown in the screen analysis; compacts
of plus 270 mesh powders; compacts of mrnus 270 mesh powders.
3. Sinterfng temperature and time: 6000C.for 30 minutes
and air cooled, 6000c. for 2 hours and furnace cooled, and
8000C. for thirty minutes and air cooled.
4. Sintering atmosphere: reducing •
...30-
Series r
compacts of -270 mesh powders, heat-~reated at 6000C.
for 30 min. and air cooled.
U!!sinte.!~
Pressure Weight Volume Specific Per cent
tons/sq. in. grams c.c. gravity voids
6.4 10.01 1.94 5.22 38.5
12.8 9.95 1.68 5.92 30.5
19.2 9.87 1.51 6.53 23.3
25.6 10.90 1.55 7.04 17.3
32.0 7.65 1.04 7.35 13.6
38.4 10.97 1.48 7.40 13.0
Table 1. The effect of pressure on specific gravity
and per cent voids.
Sintered
Pressure Weight Vo1urne Specific Per cent
tons/sq. in. grams cc. gravity voids
6.4 9.72 1.85 5.25 38.3
12.8 9.91 1.65 6.00 29.3
19.2 9.83 1.52 6.46 24.0
25.6 10.82 1.59 6.82 19.8
32.0 7.61 1.07 7-.12 16.3
38.4 10.90 1.51 7.22 15.0
Table 2. '}?heeffect of sintering on specific gravity
and per cen~ voids.
Before pickling After pickling
Pressure Vol. oil
absorbed
Per cent
compact vol.
Vol. oil
absorbea.
Per cent·
compact 'Viol.
Per cent
voids filled
6.4 .63
12.8 .40
19.2 .24
25.6 .20
32.0 .08
38.4 .01
34.0
24.0
15.8
12.7
7.7
0.7
.61
.47
.30
.26
.15
.13
37.1
28.2
19.6
16.7
14.1
8.6
97.0
96.3
81.6
84.3
86.5
57.3
Table 3. The effect of "9ick1ing and pressure on per cent
vol~e of oil absorbed and on voids filled.
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Series II
Compacts pickled and then heat-trea.ted at 600°C. for
30 min. and air cooled.
Unsintered
6.4
12.8
19.2
25.6
32.0
38.4
.weight .Vo Lume .Specific .per cent
.grams .cc• ..gravi ty .vo Ld s
9.92 2.00 4.96 41.7
9.90 1.70 5.82 31.7
9.95 l.!')~ 6.50 23.5
10.86 1.57 6.92 18.5
10.83 1.51 7.18 15.5
10.88 1.48 7.35 13.6
·Pressure
-tons/sq. in.
.Tab1e 4. 'l'heeffect of pressure on specific gravi"t;y
and per cent voids •
.Sintered
.pressure .weight .Volume .Specific .Per cent
.t ony's q, in. .grams .cc• .gravity .voids
6.4 10.11 2.06 4.92 42.212.8 10.04 1.76 5.93 30.219.2 10.00 1.65 6.05 28.825.6 10.80 1.64 6.60 22.332.0 10.74 1~60 6.72 21.038.4 10.80 1.5.3 7.08 16.7
Table 5. The effect of sintering on specific gravityand per cent voids.
:Before ;pick1in~ After picklil1&
Pressure .Vol. oil
.absorbed
'per cent
.oompac t vo l ,
Vo L, oil
f_tbsorbed
'per cent
_compact vol. per cent.voids f1l1ed
6.4 .75
12.8 .47
19.2 .35
25.6 .32
32.0 .26
38.4 .22
36.6
26.8
21.0
19.8
16.3
14.6
.85
.48
.35
.32
.29
.24
41.2
27.2
21.0
19.8
18.4
15.7
97.5
90.0
73.0
88.7
87.5
94.0
'table 6. The effect of.pickling and pressure on per cent
volume of 011 absorbed and on voids filled.
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S,eries III
Compacts heat-treat.ed at 600°C. for 2 hours and furnace
cooled.
6.4
12.8
19.2
25.6
32~0
38.4
Unsintered
weight Volume Specific per centgrams cc. gravity voiQ_s.
9.83 1~99 '4~95 41~8
9.92 1.71 5.79 31:8
9.91 1.54 6~44 :24;2
10.91 1.58 6.91 18;7
10~94 1.52 ?~20 15;3
10.90 1.47 7.40 13.0~ . ." -.
.Pressure
tons/sq. in.
:fable 7. The effect of preaaur e on specific gravity
and per cent voids.
Sintered
Pressure :weight Volume Specific Per een t:ton's/sq.in. .grame .cc. .gravity . voids
6~4 9.75 1.96 4~97 41;5
12.8 9.86 1.68 '5.87 30:91'9~'2:1 9.85 1.50 6~5'5 22;9
25.6 10.8'4 1~50 6.75 20;6
32.0 10.86 1.61 7~23 18;3
38.4 10.82 1.70 7.42 14.8
Ta.ble 8. The effect· of sintering on specific gravi tyand per cent voids.
Before pickling After picklinea.
,Pressure Yol. 011 Per cent Vol. 011 'Per cent- p'eI'cent,absorbed .c·ompactvol. 'abe orb ed cbmpac t vol. volds filled. .
6.4 .67 34;2 ~80 40~9 9a~512.8 .38 22.8 ;44 26;2 85~019~2 .18 17.8 .25 16~8 73~525.6 .09 5;9 ;14 9~4 45;632.0 ;06 4.0 ~08 '5;0 27~638.4 .05 3.1 .09 5.2 35.2
Table 9. The effect of pickling and ~ress~re on~pe~ cent":
,volume of oil absorbed and on voids filled.
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Series IV
compacts of ~ 270 mesh powders, heat-treated at 6000C.
for two hours anf furnace cooled.
Unsintered
.Weight Volume Si,e'cific Per , centPressure
tons/sq. in. -grams cc. gravity voids'.
6.4 9~95 1~98 5~02 41;0
12.8 9.98 1.64 6~08 28~(5
19.2 9~98 1~'52 6; 56 22;8
25.6 10~97 1;58 6';86 18;~
32~0 10.92 1;52 7;20 14;3
38.4 10.90 1.47 7.42 12.8.. -....
r~ble 10. The effect of pressure on specific gravity
and per cent voids.
Sintered
Pressure Weight Volume Specific Per-ceh t
tons/ sq. in. -grams cc. -gravity voids
6.4 9;88 1~95 5~O6 40;4
12~8 9.92 1;'72 5;76 ;3'2;2
19~2 9.92 1;59 6.23 ,26; 7
25.6 10;89 1.67 6; 5'2 23;2
32~0 10.85 1;58 '6~B6 19;3
3B.4 10.81 1.59 6.BO 20-.0, " "
Table 11. The effect of aLnterLng on specific gravity
and per cent voids.
Before pickling After pick1ins;
, "Pressure Vol. oil Per cent Vol. 011 Per oent Per cent"'absorbed c-ompac t vol. .abao rb ed compact vol. voids fii1ed
6.4 ;52 ,26;4 ;82 41.8 -~-.,12.8 .36 17.-8 .52 30;2 ~'3;719.2 ,,20 12.6 .32 20.8 76~025.6 .21 12;4 .33 19;7 84;932;0 ~15 17.2 ;24 15;6 Bl.O
3B.4 .15 9.5 .23 14.4 72.0
Table 12. The effect of pic~ling and pressure on per cent
volume of oil absorbed and on voids filled.
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Series V
compacts of -- 270 mesh powders, Btat-treated at 6000 c.
for two hours and furnace cooled.
- - "- - _.--
Pressure Weight Volum.e Specific Per cent
tons/sq. in. grams ce. gravity voids
6.4 9.73 1~98 4.90 42~3
l2~8 9~91 1.64 6.03 29;0
19~2 9~.86 1.49 6~62 2'2~O
25~6 10~62 1~53 7.10 16~5
'32.0 10~86 1.48 7.35 13.7
38.4 10.88 1.47 7.40 13.0
Unsintered
Table 10. The" efr-ectof pr eaeur e on specific grav!ty
And per cent voids.
Slntere_£
Pressure' Weight VolWile Specific Per cent
tons/sq. in. grams cc. ,gravity voids
6.4 9.65 1.90 5.07 40.4
l2~8 9~83 1.61 6.10 28;2
19;'2 9.79 1~46 6.70 21.0
25~6 10~78 1.50 7'.18 15.5
32.0 10~78 1~53 7.05 17.0
38.4 10.80 1.53 7.05 17.0
Table 14. The effect of sLnterfng on apec LfLc gravity
and per cent voids.
6.4
12.819~2
25.6
32.0
38.·4
Before pickling ~fter pickling
,,{ol.011 rer cent Vol. oil Per cent Per cent~bsorbed pompact vol. ~b60rbed 90mpact vol. voiClsfilled
. , ' ,
.62 32~6 ~76 40~0 99~0~29 l8~3 .41 25.6 90~6.13 -8.8 .25 l6~9 80~5;09 6~1 ~12 8,,4 54;2.07 4.5 .09 6.3 37~0,06 3.9 <;>07 4.8 28.0
fressure
rabl~ 15. The effect of pickling and pressure on per ~~nt
yolume of oil absorbed and on voids filled.
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Series VI
~ompa_c~s heat-treated at BOOoC. for two hours and
air cooled.
Unsintered
Pressure Weight Volume Specific ,Per cent
,tons/ sq. illl. grams .ce , gra.vity voids
6.4 9.85 1.98 4.97 41.5
12.B 9.91 1.67 5.92 30..4
19.2 9.88 1.52 6.50 23.6
25.6 10.82 1.54 7.04 17.3
32.0 10.81 1.49 7.25 14.8
38.4 10.85 1.47 7.38 13.2
Table 16. The effect of pressure on specific gravity
and per cent voids.
Sintered
pressure w:eight Volume ,Specific Per cent
ton's!sq. in. ,grams ce. gravity voids
6.4 9.42 1.29 7.25 14.8
12.8 10.10 1.63 6.20 27.0
19.2 9.45 1.49 6.35 24.5
25.6 10.72 1.69 6~35 24.5
32.0 10.27 1.64 6.25 26.5
38.4 10.87 1.71 6.35 24.5
Table 17. The effect of sintering on specific gravity
and per cent voids.
Before pickling After 12ick1i~~
Pressure Vol. oil Per cent Vol •. oil Per cent Per cent
absorbed ,c'ompactvol. 'absorbed ~ompact vol. volds filled
6.4 .15 11.4 .16 12.8 85.3
12.8 .22 13.3 .28 17.2 63.819.2 .27 18.1 .31 20.8 85.025.6 .31 18.4 .35 20.6 84.032.0 .27 16.3 .28 17.2 65.038.4 .24 14.5 .27 15.8 64.5
~able 18. The effect of pickling and pressure on per cent
volume of oil absorbed and on voids filled.
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DISCUSSION OF RESULl'S
The most noticeable result of the tests performed on
the compacts was that porosity was decreasingly feduced~as
the compacting pressure was increased. The increment in pres-
sure was constant, that is, 6.4 tons per square inch for
every succeeding compact made, while the decrease in porosity
was also constant so that when one was plotted against the
other, the resulting graph approached a straight line. The
percentage of voids could be easily reproduced for compacts
made at the same compacting pressure. with the decrease in
porosity, there Was, naturally, an increase in the specific
gravity. However, the relation of specific gravity to pres-
sure was not as elear cut or could it be predetermined as
in the case of porosity.
Hal118 states that products of this composition attain
their maximum density at temperatures around 8l0oe. for a
sintering schedule of 30 minutes, and that under these con-
ditions of heat treatment, alloying of the copper and tin is
complete. An examination of the compacts produced in Series VI
which were heat-treated at 8000C. for 30 minutes confirmed
the above observation. Under the m:ilcroscope,these compacts
showed golden colored alpha bronze as the predominamt con-
stituent. Except for the first compact, the other five in the
series approached a constant specific gravity of 6.30 and a
porosity of 25 per cent.
Compacts heat treated at 6000C. for 30 minutes did not
show complete a.lloying. The tin had all melted to form an
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intercommunicating structure around the bronze grains. On
the other hand, the compacts sintered at 6000C. for 2 hours
and then furnace cooled, showed complete alloying and with a
structure similar to that obtained in the compacts sintered
at BOOoC. for 30 minutes. fhis is a good illustration of
the theory that a long time heat treatment at low tempera.ture
will give the same result as a short time sinter at high tem-
perature.
The pickling treatment increased the oil absorption pro-
perties of all the compacts. No doubt, during the pressing
operation and the subsequent temoval of the compact from the
mold, a layer of deformed metal was produced so as to seal
off some of the voids. The' pickling treatment simply etched
the surface and uncovered some of these voids. This is seen
quite clearly in the products of Series II which were given
this treatment before sintering. On immersion in the oil
bath, pickled, and then immersed again, only a very slight
increase in oil absorption was obtained, which seems to in-
dicate that once the voids are uncovered, they tend to remain
uncovered even during the sintering operation when the tin
is in a molten state.
Another important effect of thlS pickling treatment be-
fore sintering is that, with the voids uncovered, the hydro-
gen gas used in the furnace was able to permeate through the
body of the compact easier, with the result that a better
reductuon of the oxide coating was obtained, so that more
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complete alloying was noticeable than in the compacts of
Series I which were heat-treated under identical conditions.
A comparison of the results obtaIned for Series IV,
that Is, of compacts made from plus 270-mesh powders, with
tha t of Series V, minus 2'70-mesh powders, shows clearly the,.
effect of particle size distribution, which substantiates
the theory that the smaller particles tend to fill up the
interstices between the larger particles. ihis is evident
in the calculated percentage of voids present as well as in
the oil absorption properties of the two series, that of
the sized particles being the better of the two.
As the work was done with powders bought from a manu-
facturer, there was no control ov~r particle shape. A mi-
croscopic examination of the powders showed them to be of
irregular shape, dendritic in most cases. No doubt the oil
absorbing qualities of the compacts produced could be in-
creas ed if powders of spherical shape were used. The use
of such powders, if available, is suggested for future work
on porosity studies.
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CONCLUSIONS
From the tests performed on the compacts, the following
conclusions have been drawn: High compacting pressures give
the highest densities and, as a result, give the lowest
percentage of porosity and oil absorption qualities; the
closer the sintering temperature approaches the melting
point, the less the porOSity; a short sintering period at
high temperature is equivalent to a long sintering treatment
at low temperature.
The fact that a pickling treatment increased the oil
absorbing qualities of the compacts showed that some of the
voids were covered and that the removal of this layer of
deformed metal that enclosed the compacts, increased their
oil absorbing properties, this increase being almost double
in some cases.
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